A B S T R A C T Glucose reabsorption was measured in dogs in which sodium reabsorption was stimulated by obstruction of the thoracic inferior vena cava or inhibited by volume expansion with Ringer's lactate. Glucose reabsorption was much higher during periods of enhanced sodium reabsorption than during sodium diuresis. The relationship of glucose reabsorption to glomerular filtration rate was examined using data from animals that had fractional sodium excretion rates of less than 1%. Under this condition the relationship of glucose reabsorption to glomerular filtration rate is highly linear. When points obtained during sodium diuresis (CNa/GFR > 0.1) are plotted on the same graph, glucose reabsorption at any given glomerular filtration rate is much less than during antidiuresis. Glucose reabsorption divided by glomerular filtration rate varies inversely with fractional sodium excretion. This study demonstrates that glomerular tubular balance for glucose exists in the dog and that this balance is changed when sodium reabsorption changes.
INTRODUCTION
Since the classic experiments of Shannon and coworkers (1, 2) it has been thought that the renal tubules reabsorb all the filtered glucose presented to them until the filtered load of glucose exceeds the maximum reabsorptive capacity of the tubule (Tmo)1; filtered glucose in excess of this maximum reabsorptive capacity escapes reabsorption and appears in the urine.
Recently, the concept of tubular maximum for bicarbonate (3) (4) (5) and phosphate has undergone considerable expansion (6) (7) (8) (9) . It GFR, glomerular filtration rate; TG, glucose reabsorption; TIVC, thoracic inferior vena cava; Tmi, maximum reabsorptive capacity of the tubule for glucose.
that the renal reabsorption of these substances is not an independent process regulated only by factors specific to bicarbonate and phosphate, but that the stimulus to renal tubular sodium reabsorption also exerts great influence on bicarbonate and phosphate reabsorption. When sodium reabsorption is enhanced so is that of bicarbonate and phosphate; when sodium reabsorption is diminished the same is true for bicarbonate and phosphate.
Recent studies of glucose reabsorption in the rat (10, 11) have suggested that glucose reabsorption is more complex than originally proposed by Shannon and coworkers. These studies have demonstrated that glucose reabsorption is influenced by both changes in glomerular filtration rate (10) and the reabsorptive rate of sodium (11) .
The current study was designed to reevaluate renal glucose reabsorption in the dog, the animal studied by Shannon and coworkers, to determine if glomerular filtration rate and sodium reabsorption were regulators of renal glucose reabsorption in addition to the intrinsic reabsorptive capacity of the tubule for glucose.
METHODS 31 experiments were performed on 26 mongrel dogs.' After preparation, the details of which are described below, the animals were anesthetized with sodium pentobarbital. An endotracheal tube fitted with an inflatable cuff was placed in the trachea and connected to a Bird respirator (Phipps & Bird, Inc., Richmond, Va.). 5% dextrose in H20 containing iothalamate-125 was administered at 1 ml/min throughout each experiment. All clearance periods were 10 min in duration.
20% dextrose in H20 was infused at varying rates to produce the desired plasma glucose concentration. When2In conducting the research described in this report, the investigators adhered to the "Guide for Laboratory Animal Facilities and Care," as promulgated by the Committee on the Guide for Laboratory Animal Facilities and Care of the Institute of Laboratory Animal Resources, National Academy of Sciences, National Research Council. ever the rate of glucose infusion was changed, a 30 min equilibration period was allowed to elapse before another clearance period was begun. All clearance periods were obtained when the plasma glucose concentration was in excess of the renal threshold for glucose. 10-25 clearance periods were obtained from each dog.
Glucose reabsorption was measured in 10 dogs who had received a regular kennel diet (estimated to contain 30 mEq/day of NaCl) to which 85 mEq/day of NaCl had been added for 4 days. In addition, these animals received Ringer's lactate intravenously throughout each experiment at rates of from 1 to 10 ml/min in order to increase urinary sodium excretion.
Glucose reabsorption was measured in 11 dogs who were subjected to acute partial obstruction of the thoracic inferior vena cava (TIVC), sufficient to raise the venous pressure below the obstruction 60-100 mm of H20, in order to enhance sodium reabsorption. These dogs received a single dose of 20 mg of furosemide intravenously 72 hr before study during which time they received a salt-free diet. Five of these dogs were restudied without caval obstruction 4-10 days later.
Glucose reabsorption was measured in another group of five dogs who were subjected to acute partial obstruction of the TIVC. When these measurements were completed, the obstruction was removed and Ringer's lactate infused at 10-15 ml/min whereupon an additional series of measurements were made. These animals received the regular kennel diet before study.
In all experiments in which the cava was obstructed, such obstruction was performed at least 90 min before the beginning of the first clearance period.
Arterial Table II illustrates the effect of steadily increasing the rate of glucose infusion to a dog without caval obstruction. Fractional sodium excretion which was about 1% at the beginning of the study rose to 19%, absolute sodium excretion rose from 68 to 640 sEq/min. Absolute glucose reabsorption which had been greater than 70 mg/min fell to less than 30 mg/min despite a rising filtered load of glucose. The GFR fell when the blood sugar was raised over 900 mg/100 ml-a phenomenon that has previously been described (12) . Despite this fall in GFR, TG/GFR fell by about 50%. Table III summarizes the results obtained from all the dogs studied. The values reported for the animals subjected to caval obstruction are those obtained when the filtered load of glucose was at its highest. The values reported for the dogs not subjected to caval obstruction are those associated with the highest fractional sodium excretion. For those animals studied both with and without caval obstruction the letter "a" represents the values during caval obstruction, while those labeled "b" are those obtained without caval obstruction. Dogs 11, 12, 13, 16, and 17 had both studies performed in succession on the same day. Dogs 21-25 were studied on separate days. The weights listed in Table III are the animals' weights before any manipulation of-their diet.
As is apparent from Table III, both absolute glucose reabsorption and TG/GFR are much higher in the anixnals with caval obstruction (those dogs with [CN./ GFR] X 100 = to 1% or less) than in those animals without caval obstruction ([CNa/GFR] X 100> 13%). This is best appreciated by comparing FG, To, and To/ GFR in those animals studied both with and without caval obstruction. Mean Fa was 207 mg/min ±60 (SD) during caval obstruction, without caval obstruction FG was 243 mg/min ±86 (P> 0.1). Mean To with caval obstruction was 105 mg/min ±35, without caval obstruction in the same animals To was 45 mg/min ±21 (P < 0.001). Likewise, To/GFR with caval obstruction was 3.3 mg/ml ±0.9, without caval obstruction in the same dogs To/GFR was 1.1 mg/ml ±0.3 (P <0.001).
Since glucose reabsorption in the dog varies so markedly with changes in sodium reabsorption, any effect of GFR on glucose reabsorption could be obscured if sodium reabsorption were inconstant. Accordingly, the relationship of To to GFR was plotted (Fig. 1) using only those points associated with a fractional sodium excretion of 1% or less. Using values associated with such a narrow range of sodium reabsorption should effectively remove changes in sodium reabsorption as a regulating variable of glucose reabsorption. Absolute sodium excretion was also extremely low during these Effect of Na and Glomerular Filtration Rate on Glucose Reabsorption GFR ml/min FIGURE 1 Glucose reabsor.ption (TG) plotted against glomerular filtration rate (GFR). The X's are associated with fractional sodium excretion rates of less than 1%. The closed circles are associated with fractional sodium excretion rates of greater than 10%. All the data points are associated with a filtered load of glucose (FG) greater than one and a half times the rate of glucose reabsorption.
To further define the relationship of glucose reabsorption to sodium reabsorption TG/GFR was plotted against fractional sodium excretion (Fig. 3.) Again, all the values used were associated with filtered loads of glucose at least one and a half times the reabsorptive rate of glucose. This plot clearly demonstrates an inverse relationship between To/GFR and fractional sodium excretion. CNo/GFR < 1% DISCUSSION This study demonstrates that glucose reabsorption in the dog is highly responsive to changes in both glomerular filtration rate and sodium reabsorption. Since no previous study has examined both these variables simultaneously, it is easy to understand why the effect of glomerular filtration rate on glucose reabsorption in the dog has not been previously recognized. GFR ml /min FIGURE 2 Glucose reabsorption is plotted against glomerular filtration rate using data from five dogs with decreasing glomerular filtration rate. Fractional sodium excretion was less than 1%. Filtered glucose was greater than one and a half times reabsorbed glucose.
Effect of Na and Glomerular Filtration Rate on Glucose Reabsorption CNo/GFR X 100 FIGURE 3 Glucose reabsorption expressed as milligrams per milliliter GFR is plotted against fractional sodium excretion.
Techniques used to depress glomerular filtration rate, such as controlled hemorrhage, can also be expected to stimulate proximal tubular sodium reabsorption. Thus, a stimulus for depressed glucose reabsorption would be counterbalanced by a stimulus for increased glucose reabsorption. When Thompson, Barrett, and Pitts (13) measured glucose reabsorption under such circumstances, no effect of reducing glomerular filtration rate on glucose reabsorption was noted until the filtration rate fell more than 50%. Obviously, TG/GFR rose when glomerular filtration rate declined from 100 to 50%. From the data presented in our study, this should be associated with an increase in fractional sodium reabsorption. This assumption cannot be verified, however, since Thompson de- fined the relationship of glucose reabsorption to sodium reabsorption. This relationship is very similar to that between bicarbonate reabsorption and fractional sodium excretion previously reported from this laboratory (4) .
Since glucose reabsorption is limited to the proximal tubule, one would expect glucose reabsorption to be suppressed, in common with that of sodium, only when proximal tubular sodium reabsorption is suppressed. As sodium excretion increases owing to inhibition of sodium reabsorption in more distal parts of the nephron, one would expect little effect on glucose reabsorption. Examination of Fig. 3 demonstrates this phenomenon nicely. The major suppressive effect of increasing fractional sodium excretion on glucose reabsorption per unit GFR is noted from 0 to 5%. The major effect of volume expansion in inhibiting proximal sodium reabsorption is probably felt over this range of fractional sodium excretion. From 5 to 40%, fractional sodium excretion, glucose reabsorption falls, but at a much lesser rate.
When comparing glucose reabsorption with that of sodium, fractional sodium excretion is a much more meaningful index than is absolute sodium excretion. tion rate as well as the efficiency of tubular reabsorption. The mechanism by which sodium and glucose reabsorption are linked was not examined in this study. Robson, Srivastava, and Bricker (11) proposed that sodium and glucose might share a common transport system. An alternative hypothesis is that an increase in proximal tubular sodium reabsorption results in an increase in proximal tubular transit time, thus allowing proximal tubular urine containing glucose to remain in contact with the membrane (that of the proximal tubule) capable of reabsorbing glucose for a longer period of time, in turn resulting in increased glucose reabsorption assuming GFR to be constant. When there is a decrease in proximal tubular sodium reabsorption, the transit time falls, tubular urine is in contact with the glucose reabsorbing membrane for a shorter period of time, and glucose reabsorption decreases again assuming a constant GFR. This hypothesis also requires that glucose reabsorption does not exhibit saturation kinetics. A third possibility is that glucose passively diffuses through intercellular pores from lumen to blood. This passive diffusion is presumed secondary to the concentration gradient induced by sodium reabsorption. Further studies are necessary to determine which, if any, of these hypotheses is correct as well as to define the mechanism responsible for glomerular tubular balance for glucose.
Finally, it is obvious that the classical conception of tubular maxima must be reexamined. No substance that undergoes filtration and reabsorption can be considered without taking into account what is happening to the kidney as a whole. Reabsorption in the renal tubule is the result of not only the intrinsic capacity of the tubular membrane to transport the substance in question but is also the result of a number of modifying events the most potent of which is the rate of sodium reabsorption.
